
Early Journal Content on JSTOR, Free to Anyone in the World 

This article is one of nearly 500,000 scholarly works digitized and made freely available to everyone in 
the world by JSTOR. 

Known as the Early Journal Content, this set of works include research articles, news, letters, and other 
writings published in more than 200 of the oldest leading academic journals. The works date from the 
mid-seventeenth to the early twentieth centuries. 

We encourage people to read and share the Early Journal Content openly and to tell others that this 
resource exists. People may post this content online or redistribute in any way for non-commercial 
purposes. 

Read more about Early Journal Content at http://about.jstor.org/participate-jstor/individuals/early- 
journal-content . 



JSTOR is a digital library of academic journals, books, and primary source objects. JSTOR helps people 
discover, use, and build upon a wide range of content through a powerful research and teaching 
platform, and preserves this content for future generations. JSTOR is part of ITHAKA, a not-for-profit 
organization that also includes Ithaka S+R and Portico. For more information about JSTOR, please 
contact support@jstor.org. 



AMERICAN 
JOURNAL OF BOTANY 

Vol. IV April, 191 7 No. 4 

THE RELATION OF SOME RUSTS TO THE PHYSIOLOGY 
OF THEIR HOSTS 1 

E. B. Mains 

I. INTRODUCTION 

The relation of the rusts to their hosts has long occupied the at- 
tention of many workers, not only because of their economic impor- 
tance, but more especially by reason of the extremely interesting 
biological problems which they offer. Not only have the rusts afforded 
a wide field for the study of the questions of immunity, susceptibility, 
physiological varieties, heteroecism, etc., but they, together with a 
few other groups such as the Peronosporales and Erysibaceae, make 
up part of the group of fungi which de Bary has called obligate para- 
sites. This group of fungi is characterized by the requirement of a 
living host as the source of food supply. Saprophytes, on the other 
hand, obtain their food from dead organic material. Between the 
two classes are the intergrading facultative parasites and facultative 
saprophytes, determined by the degree a fungus is independent or 
dependent upon a living host. The saprophytic and facultative para- 
sitic fungi have long been studied with attention to their food relations, 
but most of the work upon the obligate parasites has been confined to 
other lines, since the parasitic condition itself puts great difficulties 
in the way of an investigation of the nutrition of the fungus. 

One must not overlook the fact that there are two conditions in 
obligate parasitism. In the first, we have the problems concerned 
with immunity and susceptibility, a condition which is common to all 
parasites whether obligative or facultative as well as to the facultative 
saprophytes. The other condition is that which goes to produce the 
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obligative relation and make it seemingly impossible for the fungus 
to grow elsewhere than upon its host or hosts. Much work has been 
done and a number of theories developed with reference to the first 
condition; but concerning the second only a little work has been at- 
tempted, and but few theories advanced. Some authors in an en- 
deavor to explain such parasitism have expressed the idea that the 
solution of the problem might be sought in the requirement of the 
fungus for some special nutrient which only its own particular host 
would be able to supply. What this nutrient might be, if such is the 
case, would be of extreme importance. Failing to determine this, it 
would be of not much less importance that some idea of its nature be 
obtained. Since the obligate parasites are distinguished by the abso- 
lute need of a living host for their food supply, it is from the host that 
the evidence for the solution of such a problem must be sought, and 
it is through the control of the various physiological activities of the 
host that one may hope to do this. It was to this end that this work 
was undertaken with the object of obtaining more data regarding the 
factors which control the obligate condition and determining, if pos- 
sible, the substances or class of substances which are necessary for 
parasitism of this kind. 

The work was carried on in the Cryptogamic Laboratory of the 
University of Michigan during the years 191 4, 1915, and 191 6 at the 
suggestion and under the direction of Dr. C. H. Kauffman to whom I 
am under deep obligations for many helpful suggestions and stimu- 
lating criticism. 

II. HISTORICAL 

The early history of the parasitism of the rusts has been well sum- 
marized by de Bary (1853), who was the first to study the rusts and 
smuts with scientific accuracy. According to de Bary, early naturalists 
such as Pliny, Theophrastus, Malpighi, Duhamel, Tillet, Tessier, and 
Plenk considered rusts not as the cause but as the result of a diseased 
condition brought about by atmospheric conditions. In the course 
of time, they were looked upon as foreign material which was partly 
the cause and partly the result of the disease. Later, the rusts were 
recognized as fungi by Linnaeus and Persoon, but they were still con- 
sidered as the product of a diseased condition due to an injury such as 
the sting of an insect, etc. Unger (1834) believed that the rusts were 
produced by disarrangements in the respiratory organs of the plant 
due to which sap exuded into the intercellular spaces and there coagu- 
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lated, thus forming the rust. The next great step in the direction of a 
true understanding of the nature of the rusts was the recognition that 
they were the cause *of the disease. The believers in this theory first 
concerned themselves with the study of the rusts as fungi and their 
entrance into their hosts. Leveille (1839) showed that the rusts did 
not differ from saprophytic fungi in their development of mycelium and 
fruiting bodies except that they were within the living host. Prevost, 
according to the Tulasne brothers (1847), first observed the germina- 
tion of rust spores. The Tulasne brothers and de Bary (1853, 1863) 
showed that the germ-tubes of the rusts enter through the stomata of 
their hosts and in some cases (the germ tubes of basidiospores) through 
the cell wall. 

It was de Bary (1853), however, who finally definitely established 
that the rusts were parasites and that they were the cause and not the 
result of the disease. He concluded that the "Brandpilze," in which 
group he included both smuts and rusts, are to be considered as para- 
sitic growths, since they arise from spores whose germ-tubes penetrate 
the host, develop a mycelium within the host's tissue, form spores, 
and finally break through the epidermis and infect other plants. De 
Bary in Die Brandpilze (1853, p. 109) defined a parasite as, "solche 
Pflanzen oder Thiere, welche auf lebenden Geschopfen existiren, und 
ohne diese nicht bestehen konnen, welche durch den Reiz, den sie 
verursachen, durch die Nahrung, die sie dem Wohnorganismus ent- 
ziehen, Storungen in dessen Organfunctionen hervorrufen; diese 
schwinden, sobald der Parasit entfernt oder getodtet wird." In view 
of this definition, de Bary's work on the " Brandpilze" was hardly 
sufficient to establish the rusts as parasites, since he did not show that 
they could not exist outside of living organisms. 

A rather exhaustive search of the literature of this period does not 
reveal that any attempts were made to grow the rusts saprophytically. 
The general opinion which is now held appears to have arisen from 
the earlier idea that the rusts were diseased products of the host, first 
non-living and finally living products. In part this assumption of the 
obligate character of the rusts is due to the fact that they, unlike the 
facultative parasites, are never found in nature growing on other than 
living plants. 

Among the later workers upon the obligate parasitism of the rusts 
is Brefeld (1883, 1908), who believes that the growing of rusts sapro- 
phytically is merely a matter of technique. He was able to obtain 
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secondary and tertiary spores from the basidiospores of some rusts, 
but further development was prevented by contaminations present in 
his cultures. Carleton (1903) used different media and a substratum 
as nearly like a wheat leaf as possible and obtained only a little dif- 
ference in the length of the germ-tubes. Carleton, however, does not 
give an account of his methods. Ray (1901, 1903) has claimed to 
have cultivated a number of rusts upon decoctions of the host and on 
sterilized carrot and reports that in one case teleutospores were formed 
from the mycelium which was produced. Ray, however, gives only a 
very imperfect account of his methods. This coupled with the fact 
that he does not give either the species of rust or the kind of spores 
used subjects his results to criticism. 

The germination of rust spores has received considerable attention 
especially from later workers. Plowright (1889), Eriksson and Hen- 
ning (1894), Ward (19026, 1903), Melhus (1912), Johnson (1912) and 
myself (191 5) have found that temperatures between io° and 30 C. 
are necessary for good germination and that the optimum temperature 
is between 12 and 18 C. Fromme (191 3) has shown that a saturated 
atmosphere is necessary for abundant infection. 

The factors controlling the inoculation of the host after the germi- 
nation of the rust's spore have been principally investigated by Ward 
and his students. Miss Gibson (Ward, 1905) found that the germ- 
tubes of a number of rusts are able to penetrate into the inter- 
cellular spaces of plants other than their host without infecting. 
Furthermore Ward (1905) noticed this in the case of immune varieties 
of plants. He (19026) also observed that the germ- tubes of Puccinia 
dispersa had a tendency to be negatively heliotropic and suggested 
that this may be a factor aiding in inoculation. Robinson (191 4) in 
the case of Puccinia Malvacearum and Fromme (191 5) and myself 
(191 5) in the case of Puccinia coronata have shown a similar reaction 
of the germ-tubes. Balls (1905) believes that inoculation is brought 
about by a hydrotropic stimulus which causes the germ-tube to enter 
the stoma of its host. 

The relation of the rusts to their host after infection has occupied 
the attention of a number of workers. De Bary (1887) and Jost (1907) 
have expressed the opinion that the predisposition of certain hosts 
for certain parasites is to be sought in the nature of the food which that 
host offers to them. De Bary (1887) and Tubeuf (1897) both have 
remarked that the rusts appear to adapt themselves to their host cells, 
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causing but little injury, at least up to the time of spore formation. 
Tubeuf, in the case of hypertrophies caused by rusts, thought that 
there appeared to be "a closer symbiotic relation between the fungus 
and its host branch than between the host branch and its main branch/ ' 
He also noticed that in the case of some rusts the infected portion of 
the leaf remained alive after the death of the surrounding tissues and 
he looked upon this as a condition resembling that of some lichens. 
Ward (1890, 1902c) suggested that the relation between Puccinia 
dispersa and its host tends towards symbiosis and that the rust is not 
destroying the protoplasm of the host, but is robbing the host of its 
food supplies. Ward (1905) found that when the rust does attack 
the host so vigorously that the protoplasm is killed it brings about its 
own death and immunity for the host is produced. This condition, 
he discovered, can be duplicated by starving the host and by so doing 
starving the rust. His earlier work (1902a, 1902c) had already 
pointed towards this conclusion since he found that immunity did not 
depend upon anatomical features such as number and size of the 
stomata, hairiness, etc., and that mineral starvation, although it did 
not produce immunity, reduced the number of spores which were 
produced. 

The relation of the rusts to the carbohydrate supply has been noticed 
by a number of workers. Halsted (1898) found in the case of Puc- 
cinia Podophylli that there is a collection of starch in infected regions 
of the leaf. The centers of such areas however contained much less 
starch than the margins. Robinson (191 3) noticed much less starch 
in those areas of the leaf which are infected with Puccinia Malvacearum. 
McAlpine (1906) quotes the work of F. T. Shutt, who found that the 
grain and straw of rusted wheat contained more protein and less 
carbohydrates than the rust-free plants. Tischler (191 2), working 
with Uromyces Pisi, discovered that the portion of the host containing 
the most mycelium of the rust also contained the greatest amount of 
sugar. 

The effect of environmental factors such as soil, moisture, tempera- 
ture, and light upon the relation of the rusts to their hosts has been 
studied by a number of workers. McAlpine (1906) noticed that 
nitrogenous manures retarded the ripening of grain, while phosphate 
of lime brought about early maturity and enabled the grain to escape 
the rust to some extent. Sheldon (1905) has reported that soils favor- 
able to the host are also favorable to the rust of carnations ( Uromyces 
Caryophyllinus) . 
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Considerable difference of opinion has arisen concerning the effect 
of moisture on the development of the rusts. De Bary (1863) found 
that vegetative development of Uromyces appendiculatus and its pro- 
duction of spores was greatly increased by a humid atmosphere. 
McAlpine (1906) reported that drainage increased the yields of wheat, 
but did not decrease the rust. He also considered that irrigation late 
in the season tended to make the grain soft and brought on the rust. 
Stone and Smith (1899) and Blaringhem (191 2) claimed that the rusts 
were favored by dryness. Sirrine (1900) and Buchet (1913), on the 
other hand, claimed that the rusts were favored by wet soils. Smith 
(1904) considered that a dry atmosphere retarded the development of 
the rust within the host while a dry soil favored development. 
Fromme (191 3) found that for Puccinia coronata after infection has 
taken place moisture appears to have no effect upon the length of the 
incubation period. 

The effect of temperature upon the development of rusts in their 
hosts has been but little studied. Sheldon (1902) found that the 
incubation period of Puccinia Asparagi was longer at an average 
temperature of 69 F. during the winter months than at an average 
temperature of 76 F. during the summer. It is likely that these 
results were in part due to the difference in the amount of light present 
in the two seasons. Fromme (191 3) discovered that for Puccinia 
coronata a temperature between 20 and 30 C. brings about a shorter 
incubation period than a temperature of 14 to 21 C. 

Fromme (191 3) appears to be the only one who has definitely in- 
vestigated the effect of light upon the development of the rusts. He 
found that when oats inoculated with Puccinia coronata were placed 
in darkness for a few days and then returned to the light, the incuba- 
tion period was lengthened approximately by the time that the oats 
were in the dark. Fromme states that this may mean a dependence 
of the rust upon the transition products of photosynthesis and that 
this may explain the obligate parasitism of the rusts. 

III. EXPERIMENTAL WORK 
MATERIAL 

Two rusts were employed, Puccinia coronata Cda. and Puccinia 
Sorghi Schw. Puccinia Sorghi was used in all of the experiments since 
its host maize (Zea Mays L.) was easier to work with. Puccinia 
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coronata was employed wherever oats (Avena sativa L.) could be used 
advantageously, and whenever time allowed. These two rusts were 
kept going on their host plants and thus stock material was always on 
hand. The method used was to make a spore suspension of the uredo- 
spores and spray them on the host by means of an atomizer. The 
pots were then covered with a bell jar and placed where the temperature 
ranged between 14 and 25 C, a temperature of 20 C. being used 
whenever obtainable. The belljars were removed after 24 hours. 
When maize was used it was found to be advantageous to draw the 
leaves gently between the fingers before inoculating as the leaves are 
covered with a wax-like substance which causes the spore suspension 
to roll off without wetting them. In some experiments, definite areas 
were inoculated by placing spores on them with a spear-pointed needle 
after the plant had been atomized. During the winter, the cultures 
were kept in a greenhouse, where Puccinia coronata required renewal 
about every three to five weeks and Puccinia Sorghi about every two 
months. This was done by inoculating freshly grown plants. During 
the summer, the stock cultures were kept in a garden in the open, 
where the rusts propagated themselves. 

Development of the Rusts 

Puccinia coronata 

The first signs of infection show in from five to seven days after 
inoculation, when light green areas are formed on the leaves. About 
seven to eleven days after inoculation, pustules appear in these areas 
as small, yellowish swellings, which soon break through the epidermis 
liberating the mass of uredospores. Teleutospores develop in about 
twenty-nine to thirty-six days after inoculation, when uredospore 
production has about ceased and the leaf is slowly dying and drying up. 
They show as blackish zones usually at the margins of the infected 
areas and their first appearance occurs towards the apex of the leaf, 
which is also the part of the leaf which first begins to die. 

Puccinia Sorghi 

The first signs of infection on maize are also light-colored areas on 
the leaves. These appear in about six to seven days after inoculation 
and pustules develop soon afterward, in usually seven to ten days. 
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The pustules make their appearance first on the lower side of the leaf 
and are more abundant and larger there, often becoming confluent. 

The development of the rust within the host can be followed by 
sectioning day by day after inoculation. The method employed, 
which gave very good results, consisted in sectioning the infected leaf 
between pith. Very thin sections can be obtained in this way, if the 
leaf is cut up and a number of thicknesses of the leaf are placed between 
pieces of pith. The sections obtained in this way were mounted in 
Stevens's chloral hydrate and iodine (Stevens, 191 1). The sections 
are cleared by this mixture so that the hyphae of the rust stand out, 
showing clearly the haustoria in the cells of the host. Chlorophyll, 
which in untreated sections interferes with the determination of the 
mycelium, is thus bleached out, and any starch which may be present 
can be recognized. At the end of the third day, mycelium was already 
found to be well developed. At this time, the amount of starch, which 
was normally present in the parenchyma sheaths of the vascular 
bundles, was only slight, or it was entirely absent. By the fourth day, 
the mycelium had formed dense masses in the intercellular spaces of 
the mesophyll of the leaf. None was found sending haustoria into 
the epidermal cells, nor was any mycelium found in the vascular 
bundle and its parenchyma sheath. The cells of the parenchyma 
sheaths in the infected areas did not show at this time so large a quan- 
tity of starch as those in the non-infected areas. By the fifth day, the 
epidermal cells were invaded by haustoria from neighboring hyphae, 
and the amount of starch was noticeably less in the parenchyma sheaths 
of the infected areas. About the sixth day, pustules appeared. These 
were formed from masses of mycelium just below the epidermis. No 
mycelium was found in the vascular bundles or their parenchyma 
sheaths at this time. Some starch was found in the parenchyma 
sheaths of the infected areas, but these did not stain so darkly with 
iodine as those of the non-infected areas. 

The development of the rust progresses by a continued spread of 
its mycelium and the production of more pustules. The infected areas 
are however always limited in extent, varying from a millimeter to 
about a centimeter in diameter. Often, in the case of heavy infec- 
tion, whole leaves may become covered with pustules due to the union 
of many infected areas. Mycelium is found throughout the inter- 
cellular spaces of the infected areas, where it sends its hyphae into the 
neighboring cells, forming the branched, finger-like haustoria, which 
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have been well illustrated by Evans (1907). The vascular bundles 
are apparently never invaded by the mycelium and the parenchyma 
sheaths which surround them only occasionally have haustoria in 
their cells. 

When limited areas of the leaf are infected, an interesting phenome- 
non takes place. After the tissue has been infected for some time — ■ 
in some cases in so short a time as nine days — the ends of the leaf 
beyond the infected areas begin to die and the regions immediately 
surrounding become yellowish, while the infected areas retain the 
green color of healthy tissue. The infected areas, of which there may 
be two or three on the same leaf, often become surrounded by dead 
tissue, except perhaps for the midrib itself. The infected areas them- 
selves still retain their original green color, and sections show that the 
cells of these regions have all the appearance of normal cells, except 
for the presence of haustoria within them. They are turgid and filled 
with green chloroplasts. The neighboring tissue, on the other hand, 
is brown and the cells are shrivelled up and dead. 

Effect of Temperature upon Development 
Puccinia coronata 

Experiments 1 and 2. — Two experiments were carried out to dis- 
cover the effect of temperature upon the development of Puccinia 
coronata within its host. In each, six pots of oats were used. These 
were inoculated by spraying with a spore suspension of the uredospores, 
and, after being left for 24 hours under belljars, four pots of each set 
were removed to a well-lighted room where the temperature averaged 
1 5° and 13 C. respectively for the two experiments. Two from each 
set were kept in a similar room where the temperature averaged 20 C. 
The incubation period of the rust at 20 C. in both experiments was 
9 days. The incubation period of the rust at 15 C. in the first ex- 
periment was 13 to 15 days, and the incubation period for the rust at 
1 3 C. in the second experiment was 15 days. 

The results of these two experiments thus indicate that low tem- 
peratures retard the development of the rust in its host. 

Puccinia Sorghi 

Experiment 3. — This experiment was carried out with Puccinia 
Sorghi on corn in the same manner as were the two preceding experi- 



188 E. B. MAINS 

ments. Three pots of corn were kept at a temperature averaging 20° C. 
and three at a temperature averaging 13 C. The incubation period 
of the rust at 20 C. was 7 days while that at 13 C. had an incubation 
period of 13 days, showing that low temperatures retard the develop- 
ment of Puccinia Sorghi in its host. 

Experiment 4. — Six pots of corn were inoculated with uredospores 
of Puccinia Sorghi and kept under a belljar at a temperature of 18 C. 
for 12 hours. Two of the pots were placed under belljars in an Eberbach 
electric incubator a't 40 C. The outer door of the incubator was left 
open, allowing light to enter, and the incubator was placed in an east 
window. In a similar manner two pots were kept in an incubator at 
30 C. Even with the outer doors open these incubators maintained 
a temperature varying only a few degrees. The other two pots of 
corn were placed under belljars in a box about the size of the incubators 
with the open side facing the window. These two pots were at room 
temperature, which according to a thermograph averaged 18 C. The 
belljars were removed once a day from all the plants in order to renew 
the oxygen supply. 

At the end of the fourth day, the two pots of corn at 40 C. were 
dead. Pustules appeared on the plants at 18 C. in seven days. 
The only sign of rust on those at 30 C. at this time was the greenish 
spots mentioned before as remaining in infected areas when the rest 
of the leaf is yellowing. Sections through these areas showed a my- 
celium which was only sparingly developed. At the end of fourteen 
days, no pustules had formed on the plants at 30 C. At this time, 
most of the leaves were dead, only the upper still retaining a green 
appearance. 

These results show that a temperature of 30 C. or higher prevents 
the development of Puccinia Sorghi in its host. 

Effect of Humidity upon Development 

The work, as far as carried out, was done with Puccinia Sorghi. 

Experiment 5. — Fourteen plants of maize were inoculated with the 
uredospores of Puccinia Sorghi and kept under belljars at 18 C. for 
twelve hours. Four plants were then placed in a south window under 
belljars, by which means they were kept in a nearly saturated atmos- 
phere. The remaining ten plants were placed without belljars on the 
table beside the other four. The earth in the pots of five of these ten 



RELATION OF SOME RUSTS TO THEIR HOSTS 1 89 

was kept saturated with water. The other five were watered just 
enough to prevent the plants from wilting. The humidity of the room 
varied between 20 and 36 percent and the temperature averaged 
24 C. At the end of nine days after inoculation the number of pus- 
tules on the plants was counted. 

The plants in dry air and moist soil averaged 51 pustules per plant. 
These pustules, however, were small and not as well developed as in 
the others. Plants in a dry atmosphere and wet soil averaged 151 
pustules per plant. These pustules were large and well filled with 
spores. Plants in a saturated atmospheric and wet soil averaged 371 
pustules per plant. These pustules were large and difficult to count 
as many of them had become confluent. 

At the end of 25 days, the infected leaves of plants in dry air and 
moist soil were all dead and dried up, and the new leaves were free 
from the rust. The plants in dry air and wet soil had a few pustules 
on a few old live leaves, but most of the infected leaves were dead. 
The new leaves upon these plants were free from the rust. Upon the 
dry, dead leaves of these plants green areas surrounding the pustules 
were still evident. The tissue surrounding these areas had the brown 
appearance of tissue whose cells had disintegrated before they had 
dried. This would indicate that the green areas surrounding the 
pustules had died because of the drying out rather than because of the 
effect of the rust. The plants in wet soil and saturated atmosphere 
still had a number of live leaves heavily infected with rust. Some of 
the leaves however were dead or dying. On the latter, the infected 
areas remained green surrounded by yellow, sickly tissue or by brown 
tissue composed of dead cells. The new leaves had a small number of 
pustules showing that by this time some reinfection had taken place. 

The development of Puccinia Sorghi, as shown by the number of 
pustules produced, is thus favored by the saturated atmosphere on 
the one hand and by the wet soil on the other. The length of the 
incubation period, however, is not much influenced. In dry air, the 
plants finally become free from the rust by the drying up of the infected 
leaves; and reinfection does not take place since spore germination is 
prevented in dry air. In a saturated atmosphere, the infected leaves 
live for a longer time since they do not dry up; and reinfection also 
takes place to some extent, since the spores produced are able to 
germinate in the humid atmosphere. 
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Effect of Mineral Salts upon Development 

Two experiments were carried out to discover the effect of mineral 
salts upon the development of Puccinia Sorghi. In the first, water 
cultures were used, while in the second pure quartz sand watered with 
the solutions was employed. 

Experiments 6 and 7. — The solutions used in the first of the two 
were Knop's full mineral nutrient solution, as given by Jost (1907) 
and Miss Wuist (1913), and solutions in which one of each of the eight 
principal elements (Mg, Ca, K, Fe, S, N, P, and CI) were lacking. 
The full nutrient solution consisted of the following in 1,000 cc. of 
distilled water: 

MgS0 4 25 g. 

Ca(N0 3 )2 1 .00 g. 

KH 2 P0 4 25 g. 

KC1 12 g. 

FeCl 3 trace. 

The nutrient solution minus calcium was made by substituting 
KNO3 for Ca(N0 3 ) 2 . K 2 S0 4 was substituted for MgS0 4 to form a 
solution minus Mg. Ca(H2P04)2 and MgCl 2 were substituted for 
KH2PO4 and KC1 to form a solution minus K. MgCl 2 was substituted 
for MgSC>4 to form a solution minus S. Ca(H 2 P04)2 was used in place 
of Ca(N0 3 )2 to give a solution minus N. KN0 3 was used in place of 
KH2PO4 to give a solution minus P. KNO3 and FeP0 4 were used in 
place of KC1 and FeCl 3 to give a solution minus CI. And FeCl 3 was 
left out of the full solution to form a solution minus Fe. 

In the second experiment, maize was planted in quartz sand which 
had been thoroughly washed with distilled water and then dried. 
Knop's full mineral nutrient solution of three times the ordinary 
strength was used. The other nutrient solutions were made up a little 
different than in the preceding experiment in that, when an element 
was omitted, the concentration of the other elements in the solution 
was maintained except for the element it was replaced by. Thus for 
example, in — -Mg solutions .75 gm. of MgSCU was replaced by 1.04 gm. 
K2SO4 so that there was as much SO4 present as before. The amount 
of the replacing element, K, naturally increases. In the — -Ca solution, 
Ca(N0 3 ) 2 was replaced by Mg(N0 3 ) 2 and KN0 3 so that there would 
not be too great a preponderance of either Mg or K in the solution. 

Kernels of corn were planted in battery jars containing 1.2 kg. of 
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quartz sand prepared as above and the jars were then placed in the 
greenhouse. The various solutions were used to water the plants. 
After 35 days, the plants were inoculated and placed in a moist chamber 
at 20 C. for twelve hours. 

In both experiments sections through the infected areas showed 
that from about .5-1.2 mm. on each side of the pustules, there was 
no starch in the parenchyma sheaths, although it was present 
in considerable quantities in the rest of the leaf. Beyond this for 
about .2-.6 mm. on each side, the concentration of the starch gradually 
increased until it reached the full concentration of the rest of the leaf. 



Table I 

Effect of Mineral Starvation upon the Development of Puccinia Sorghi 



Solution 


Condition of Plants 


Number of 
Plants Used 


Number of 
Plants Infected 


Average No. 

Pustules per 

Plant 




Water Culture 


Sand Culture 


Water 
Culture 


Sand 
Culture 


Water 
Culture 


Sand 
Culture 


Sand Culture 


Full solution . . 

— Ca 

— Fe 

— CI 

— Mg 

— K 

— P 

— N 

— S 


green 
yellowish 

green 
dark green 
light " 
green 


green 
dead 
light green 


2 
3 

4 
4 
4 
4 
4 
3 
4 


5 
5 
5 
5 
5 
5 
5 
5 
5 


2 

I 

4 
4 
4 
3 
4 
3 
3 


4 


4 
3 
2 

3 
2 

3 
2 


197 


31 
170 

.8 
32 
12 
11 
13 



The results as given in Table I show that mineral starvation does 
not prevent infection of Puccinia Sorghi but only that the amount of 
rust as shown by the number of pustules is less. Starch is prevented 
from forming in the immediate vicinity of the pustules. 



Effect of Light upon Development 

The effect of light upon development of the rusts was studied in a 
set of experiments, the results of which are given below. A number of 
pots of the plants were inoculated under the same conditions Some 
were then placed under belljars in the light, and the rest were covered 
with dark cylinders. After a few days, the plants under the dark 
cylinders were placed in the light and the incubation periods of each 
recorded. 
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Puccinia Coronata 

Experiments 8, p, and 10. — In these experiments inoculation was 

accomplished as stated above and the results obtained are given in the 

following table. 

Table II 

Effect of Light upon Development of Puccinia Coronata 



Experiment 


Pot No. 


Time in Dark 


Time in Light 


Incubation 


Retardation 


8 


C 17. i 
C 17.2 

CI7.3 
CI74 
CI7.5 

C 17.6 


5 days 

5 " 
18 " 
18 " 


10 days 
10 " 
10 " 
10 " 


10 days 
10 " 

15 " 

died, no infection 
died, no infection 


5 days 

5 " 




CI7.7 

C 17.8 




10 " 
10 " 


7-10 days 
7-10 " 




9 


CI7.9 

C 17.10 
C 17.11 
C 17.12 


7 " 

7 " 

20 " 

20 " 


6 " 
6 " 


12-13 " 
12-13 " 
no infection 


6-7 " 
6-7 " 




C 17.13 
C 17.14 




10 " 

11 " 


10 days 

11 " 




10. 


C 17.15 
C 17.16 
C 17.17 
C 17.18 


7 " 

7 " 

20 " 

20 " 


5 " 
5 " 


13 " 
no infection 


2-3 " 
2-3 " 



The results of these experiments show that in the absence of light 
the development of Puccinia coronata is retarded and if left in darkness 
too long, the rust is killed. 

Experiment 11. — In the preceding experiments, the plants were all 
placed in a dark moist chamber after spraying with the spore suspen- 
sion. Fromme (1915) and I (1915) have found that the germ-tubes of 
the uredospores of this rust are negatively helio tropic. It seems pos- 
sible from this that the retardation of the appearance of pustules 
might have been due to a failure of the germ-tubes to enter the host 
while in the dark. Then, when brought into the light, inoculation 
might have taken place from spores whose germination had been 
delayed. To test this a fourth experiment was set up in which some 
of the plants, after being sprayed with the spore suspension, were left 
under bell jars in the light for from one to five days and were then 
placed under dark cylinders for various periods, after which some of 
them were, returned to the light. After spraying with the spores, 
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others were kept in the dark for various periods of time and were then 

brought into the light. 

Table III 

Effect of Light Upon the Development of Puccinia Coronata. Comparison of Plants 
Inoculated in Light and in Darkness 



Pot No. 



Time in Light 



Time in Dark 



2d Period 
Time in Light 



Incubation 
Period 



Retardation 



C 17.19 
C 17.20 
C 17.21 
C 17.22 
C 17.23 
C 17.24 
C 17.25 
C 17.26 
C 17.27 
C 17.28 
C 17.29 
C 17.30 

c 17.31 

C 17.32 
c 1733 

c 17.34 
c 17.35 
c 17.36 



day 



4 days 

4 

19 + 
15 + 

6 

6 



5 

1 
1 

5 
20+ 

1 

5 
11 

5 



6 days 
6 " 



3 " 
3 " 



7 
10 

7 



11 days 

11 " 

no infection 

<< << 

14 days 
14 " 

9 " 

9 " 

9 " 

12 " 

9 " 
9 " 

11 " 

no infection 
9 days 

12 " 
21 " 
12 " 



2 days 
2 " 



3 " 
12 " 

3 " 



Following this experiment, plants were inoculated in areas marked 
with India ink and covered with dark cylinders. After two days, the 
inoculated areas were sectioned and the sections treated with chloral 
hydrate and iodine. Mycelium was found in some of the inoculated 
areas, but had not developed to a very great extent. 

From these results it is evident that infection of Avena sativa by 
Puccinia coronata takes place in darkness as well as in light, although 
apparently the amount of infection is less in darkness. 



Puccinia Sorghi 

The first experiments upon the effect of light upon the development 
of Puccinia Sorghi were carried out in the same manner as with Puc- 
cinia coronata. The results obtained in these first experiments 
(Experiments 12-19) were not as clear cut as those obtained with the 
latter. Seven out of eleven plants which were in the dark three to 
eight days before being placed in the light had their incubation period 
lengthened one to two days. The other four had no retardation of 
their incubation period Four out of thirteen plants which were in 
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the dark throughout the experiment became infected. Their incu- 
bation period was lengthened only two days. The remaining nine of 
the thirteen, however, remained uninfected. 

Experiment 20. — In this experiment the procedure was the same as 
in the previous experiments, except that the plants were kept in the 
dark for five days to exhaust them as much as possible of carbohy- 
drates. In this case, two out of the seven plants which were put in the 
dark for seven days did not have their incubation period lengthened 
at all. The other five had their incubation period lengthened from 
2 to 4 days, which is shorter than the time they were in the dark. 
Infections occurred on two out of twelve of the plants in the dark for 
the entire time and in these cases the incubation period was lengthened. 
Since these results more nearly agree with those obtained with oats 
(Avena sativa), it would appear that the reserve food supply of the 
maize is to be considered as the cause of the disagreement. In the 
case of maize, the endosperm furnishes considerable food to the plant 
during the first month and by the time this is exhausted, the plant is 
of such a size that considerable reserve food is stored up in the stem 
and other organs of the plant. The next experiment was carried out 
with the object of exhausting this reserve as nearly as possible before 
inoculating. 

Experiment 21. — In this experiment, young plants were used. In 
order to control the reserve food supply of the host as much as possible, 
maize was germinated in a moist chamber and after four days the 
endosperms were dissected away. The plants were then planted in 
quartz sand which had been moistened with Knop's solution and were 
left in the light until the leaves were out and the plants had taken on a 
green color. Following this they were removed to the dark for three 
days to exhaust the carbohydrates manufactured during this time. 
All were finally inoculated with uredospores of Puccinia Sorghi and 
four kept under bell jars and eight under dafk cylinders. Five of the 
latter were removed at various intervals and placed under belljars. 
Three were left under dark cylinders throughout the experiment. 

From the results of this experiment, it is evident that when the 
reserve food supplies of the host are cut down to the minimum, the 
incubation period of the rust is lengthened to a period corresponding 
to the time that the host was placed in the dark and that when the 
host is kept in the dark, there is no development of the rust. Not 
only does this indicate a direct relation to the carbohydrate supply 
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Table IV 
Effect of Light Upon Development of Puccinia Sorghi. Plants Exhausted as Nearly as 
Possible of Soluble Carbohydrates 



Plant No. 


Age of 
Plant 


Endosperm 


Time iu Dark 


Time in Light 


Incubation 
Period 


Retard- 
ation 


FC-E 50. . . . 


13 days 


without 




5 days 
(died) 


no infection 




FC-E51.... 


13 " 


11 




7 days 


7 days 




FC-E 52.... 


13 " 






7 " 


7 " 




FC-E 55.... 


13 " 


11 




8 " 


8 " 




FC-E 54.... 


13 " 


11 


3 days 


7 " 


10 " 


3 days 


FC-E 58.... 


13 " 


a 


3 " 


6 " 


9 " 


2 " 


FC-E 59.... 


13 " 


11 


3 " 


7 " 


10 " 


3 " 


FC-E 56. . . . 


13 " 


11 


6 " 


7 " 
(died) 


no infection 




FC-E 60. . . . 


13 " 


" 


6 " 


6 days 


12 days 


5 " 


FC-E 61.... 


13 " 


11 


6 " 
(died) 




no infection 




FC-E 53.... 


13 " 


11 


10 days 




<< n 




FC-E 57.... 


13 " 


" 


13 " 




a a 



of the host, but the apparent exceptions in the previous experiments 
due to the presence of reserve food in the host only strengthen this 
conclusion the more. 



Effect of the Lack of Carbon Dioxide upon Development 

The preliminary experiments to show the effect of the lack of 
carbon dioxide upon development were not satisfactory, since the 
plants used possessed an endosperm and derived their food supply 
from it as was shown by the plants in a minus carbon dioxide atmos- 
phere developing as well as those of the check. Infection occurred at 
the same time as in the checks or a few days later. Since the experi- 
ments with light, which were being run at the same time, pointed to 
carbohydrates as factors in the development of the rusts, it was evident 
that the plant must be deprived as nearly as possible of carbohydrates. 
This was attempted in two experiments. 

Maize was germinated in a moist chamber at 30 C. and at the end 
of six days, when the plumule had reached the length of five to six 
centimeters, the endosperm was dissected away and the plants were 
planted in small bottles filled with quartz sand and moistened with 
Knop's solution. The plants were grown in the light for a few days 
until the leaves were expanded and chlorophyll had developed. They 
were then placed in a dark chamber for three days to exhaust them of 
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the carbohydrates which had been formed while in the light. Follow- 
ing this, the plants were inoculated with uredospores of Puccinia 
Sorghi and placed in large-mouthed liter bottles. 

A carbon-dioxide-free atmosphere was obtained in these bottles 
by placing a strong solution of potassium hydroxide in the bottom of 
each and the oxygen supply was maintained by connecting the bottles 
with U tubes which contained a mixture of pumice-stone moistened 
with a KOH solution and pieces of KOH. Checks were run which 
were set up similarly, with the exception that KOH was omitted 
(Plate IV, figure 1). All the joints and corks were coated with paraf- 
fine. 

Two experiments were conducted in this manner, the results of 
which are given below. 

Experiment 22. — In the first experiment, plants treated as above 
were inoculated and six (FC-E 60-65) were placed in bottles having 
a carbon-dioxide-free atmosphere and two (FC-E 66 and 67) in check 
bottles. The set was kept in the dark for 24 hours to allow the ap- 
paratus to become free from carbon dioxide and then was placed in 
the light of an east window at an average temperature of 22 C. In 
four days, numbers FC-E 60-65 began to show the effects of the lack 
of carbon dioxide by their sickly appearance. Numbers FC-E 66 
and 67 remained fresh and healthy. Pustules first showed on Num- 
bers FC-E 66 and 67 in eight days. The plants in carbon-dioxide-free 
atmosphere at this time showed no signs of infection. Numbers 
FC-E 64 and 65 were dead and the upper parts of the leaves of Num- 
bers FC-E 60-63 were also dead. 

The experiment was finished on the eleventh day. At this time 
no infection had taken place upon any of the plants in the carbon- 
dioxide-free atmosphere. 

Experiment 23. — Eight plants (FC-E 68-75) which were treated 
as in the preceding experiment were inoculated with spores and placed 
under a dark cylinder for 12 hours at 18 C. Six of these (FC-E 68-73) 
were then placed in bottles with a carbon-dioxide-free atmosphere 
and two (FC-E 74, 75) were used as checks. The bottles were all 
kept in the dark for 12 hours so that the plants might not manufacture 
carbohydrates while containing carbon dioxide. Pustules appeared on 
both the checks in six days and on the seventh day pustules appeared 
on FC-E 69 and 73 in small numbers. These two plants, however, 
appeared fully as healthy in every way as the checks, while FC-E 
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68, 70, 71, 72 plainly showed the lack of carbon dioxide in their lighter 
green leaves, which were dying back from the tip. 

The experiment was finished at the end of the twelfth day. There 
was no infection on FC-E 68, 70, 71, 72, which, although they showed 
indications of approaching death, were still alive. Not even greenish 
spots showed on the yellowing leaves such as often appear upon dying 
leaves in infected areas., FC-E 69 and 73 at this time had a number 
of open pustules and the plants themselves were in every particular 
as healthy as the checks, showing that the apparatus in these cases 
was defective and did not eliminate entirely all the carbon dioxide, 
or that the plants possessed a large enough amount of food at the 
beginning of the experiment to supply them. 

These two experiments show, as do those with light, that there is a 
relation between the development of the rust and the carbohydrate 
supply. 

Effect of Supplied Carbohydrates upon Development 

Since the preceding work indicated a relationship of the rust to the 
carbohydrate supply, further experiments were undertaken in order 
to study this relationship more thoroughly. To do this it is necessary 
to supply carbohydrates to the host which has been deprived of them 
as nearly as possible, since the experiments with light indicate that 
the host normally contains more or less carbohydrates in available 
form for the use of the rust. 

This work divides itself into two parts according to the manner of 
supplying the carbohydrates to the host. In the first case, carbohy- 
drates were supplied to the plant through the scutellum of the maize 
seedling and through the roots. Van Tieghem (1873) has shown that 
embryos can be developed upon starch. Brown and Morris (1890) 
have found that not only do excised embryos develop normally upon 
starch, but that they will also do so with sugar solutions, especially 
cane sugar, and that when both starch and sugar are present, the sugar 
is used up before the starch is attacked. 

A number of authors have investigated the ability of plants to take 
up carbohydrates through their roots. Maze and Perrier (1904) ob- 
tained a good growth of maize in 1 percent glucose and sucrose. 
Acton (1889) found that in this way acrolein, acrolein-ammonia, allyl 
alcohol, glucose, acetic aldehyde, ammonia, glycerine, laevulenic acid, 
calcium laevulinate, cane sugar, inulin, dextrins, glycogen, and extract 
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of natural humus can be used by a number of plants when in a carbon- 
dioxide-free atmosphere. J. Laurent (1897, 1898, 1904) investigated 
this subject thoroughly for corn. He found that glucose, invert sugar, 
sucrose, soluble starch, and starch can be taken up by corn through 
its roots and utilized in a carbon-dioxide-free atmosphere and to a 
somewhat less degree in a normal atmosphere in the dark. 2 

In the second case, cut pieces of leaf were floated upon various 
carbohydrate solutions. A number of workers have shown that por- 
tions of plants may utilize sugar from solutions in which they were 
placed. Boehm (1883) showed that cut pieces of leaf of Phaseolus 
multiflorus upon solutions of cane sugar and glucose form starch in the 
dark. E. Laurent (1886) has shown that etiolated potato sprouts 
placed in the dark with their cut ends in a 10 percent cane-sugar solu- 
tion grow for more than five months and form starch. A. Meyer, 
according to Acton (1889), found that shoots, when supplied with 
dextrose, glycerine, sucrose, and inulin, can form starch. A number 
of other authors have carried out similar experiments with like results. 

Carbohydrates Supplied to Seedlings 

In order to grow plants in carbohydrate nutritive solutions, it is 
necessary to have both the plants and solutions as nearly sterile as 
possible or the solution will be quickly filled with the growth of a 
number of saprophytic fungi. The only feasible way to obtain sterile 
seedlings is to sterilize the seed. A number of methods have been 
used by different workers for sterilizing seeds, but almost all of these 
methods have been found inefficient in some particular by other 
workers. 

Ward (1902^) used "various antiseptics" and also heated the seeds 
to 60-70 C. for the purpose of sterilizing brome seeds. These were 
then placed in sterile petri-dishes to germinate. Laurent (1897, 1904) 
used .2 percent HgCU solution for 1)^ to 3 hours for corn. J. K. 
Wilson (19 1 5) has recently reported good results for a number of seeds 
from the use of a solution of chlorine obtained from bleaching powder. 
A number of other antiseptics have been used, such as H 2 SO4, CuSCU, 
H2O2, phenol, HNO3, etc., none of which have been found generally 
or uniformly successful. Of these H2SO4, HgCU, and the calcium 
hypochlorite method of Wilson were tried by myself. 

2 Since the above was written Kundson (19 16) has also shown that maize is 
able to take up through its roots dextrose, laevulose, maltose, and sucrose from 
their 2 percent solutions with an increase in growth and dry weight. 
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In the use of the first, grains of yellow dent corn were cleaned and 
dropped into concentrated H2SO4 for ten minutes. They were then 
removed to a capsule of sterile distilled water and washed once or 
twice with sterile distilled water. They were then placed in sterile, 
moist chambers. This treatment with H2SO4 did not appear to 
injure the seed in any way. On the other hand, it hastened germina- 
tion of the seed. But it was not effective in killing the particular 
fungus spores which were present on these occasions and in nearly 
every case, fungi developed in the moist chambers. 

The use of HgCU was found to be much more satisfactory and it 
has been used entirely in this work where sterile corn plants were 
needed. The method used was to clean the seeds and drop them into 
.5 percent HgCb solution where they were left for thirty minutes. 
The HgCU solution was then poured off and replaced several times 
with sterile distilled water. The corn was then removed with sterile 
forceps and placed in large (4.3 X 25 cm.) sterile test tubes, which were 
placed in an incubator at 27°-30° C. This method gave very good 
results throughout the work and only a small number of contaminated 
seedlings were found. 

Wilson's calcium hypochlorite method was tried, but it did not 
give very good results. Ten grams of "Acme" chloride of lime 
(bleaching powder) containing 30 percent chlorine were mixed with 
140 cc. of water according to Wilson's directions and maize was treated 
for 9 hours with the filtrate. Only very slight germination and poor 
seedlings were obtained by this treatment. The corn used however 
was a little over a year old and this may account for the failure, al- 
though it gave very good germination when treated with HgCU, as 
stated above. To test this method still further corn was taken out of 
the sterilizing solution every hour for eight hours and placed in sterile 
moist chambers and then placed in an incubator at 27° C. Good 
germination took place with corn treated for one and two hours, but 
when treated beyond that time the germination was poor. All the 
moist chambers contained more or less contaminated seedlings. This 
method when used with oats and wheat gave good results, while HgCl 2 
as outlined above was unsatisfactory with oats and wheat. 

Although the number of disinfecting solutions used was not very 
great, yet the results obtained point to the uselessness of trying to 
obtain a disinfectant which will work for all seeds under all conditions. 
Not only will the kind of seed but also the age of the seed, the amount of 



200 E. B. MAINS 

water contained in it, the permeability of the seed coat, and the kind 
of fungus spores on it — all variable factors — have important bearing 
upon the effect of sterilizing solutions upon the seed. It is very un- 
likely that any one solution will work effectively under all combi- 
nations of these conditions. Such a situation means that each worker 
must select the agent which is the best suited to meet the requirements 
of his particular conditions. 

The corn after having been sterilized with HgCU was germinated 
in large sterile test tubes. The necessary moisture was maintained 
in the tube by having absorbent paper saturated with distilled water 
in the bottom of the tube when sterilized. The tubes were kept in 
the dark in incubators at a temperature of 27°-30° C. for about seven 
days, at which time the plumule of the corn had attained the height 
of 5-15 cm. 

The endosperm of corn contains a quantity of nutriment which 
can nourish the plant for about a month and in fact when the plant is 
grown in the light, the endosperm often lasts much longer, even two 
months. It is therefore necessary to remove the endosperm before 
placing the plants in nutrient solutions, since it would furnish all the 
plants of the experiment with a large carbohydrate supply. This is 
done by removing the plant from the test tube with sterile forceps 
and making a longitudinal cut through the endosperm down to the 
scutellum. The action of diastase has by this time dissolved away 
the portion of the endosperm lying next to the scutellum and the two 
halves of the endosperm are easily removed with sterile forceps, leaving 
the scutellum surface exposed. The plants are then placed in their 
nutrient solutions. 

The following solutions were used: Cane sugar 15, 12, 6, and 3 
percent; cane sugar 10 and 3 percent plus Knop's mineral nutrient; 
cane sugar 10 percent plus Knop's mineral nutrient minus nitrogen 
(see Experiment 6); starch jelly 15 percent; starch jelly 15 percent 
plus Knop's mineral nutrient; starch jelly 15 percent plus Knop's 
mineral nutrient minus nitrogen ; dextrose 3 percent; dextrose 3 percent 
plus Knop's mineral nutrient; maltose 3 percent; maltose 3 percent 
plus Knop's mineral nutrient; dextrin 3 percent; dextrin 3 percent plus 
Knop's mineral nutrient; Knop's mineral nutrient; Knop's mineral 
nutrient minus nitrogen; distilled water. 

Erlenmeyer flasks of 150 cc. capacity were used to contain the 
solutions. These were stoppered with cotton plugs and autoclaved 
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at no° C. for 30 minutes. It was found that there was much less 
contamination of cultures if the flasks were autoclaved just before 
using and allowed to cool in the autoclave. If this was not possible, 
the flasks were usually wiped off with a corrosive sublimate solution 
before using, since the roots of the corn plants often touched the out- 
side of the flasks while they were being placed in the solution due to 
the small neck of the flask. The cotton plugs used to stopper the 
flasks were replaced after flaming and as they were made rather loose 
and somewhat larger than the necks of the flasks, they fitted rather 
closely around the corn stems (Plate IV, figure 2). 

The flasks with plants thus prepared were placed in a moist dark 
chamber. This chamber was prepared by covering a galvanized tank 
(1^X1X3 ft.) with a cover made of heavy black paper. The 
cover was a little larger than the tank and reached to the bottom on 
the sides, so that light was excluded and ventilation permitted. A 
layer of water was kept in the bottom of the tank while the work was 
being carried on in the greenhouse; this was enough to maintain a 
saturated atmosphere in the chamber. Later when the experiments 
were conducted in the drier air of the laboratory, coarse woven cloth 
which was kept wet was spread over the tank under the black paper 
lid in order to maintain the saturated atmosphere. 

After the plants had been in this dark chamber for several days, 
they were inoculated by spraying with a spore suspension and in 
addition a small quantity of spores was placed' on certain leaves. 
They were kept at 20 C. for 24 hours, at which temperature the uredo- 
spores of Puccinia Sorghi germinate vigorously. 

The results of Experiments 24 to 31 are given in the following table. 
In all the cases where infection took place upon plants in Knop's 
nutrient solution or distilled water, the pustules were poorly developed 
and few in number. In the three experiments where such infection 
occurred, the infected portion of the leaves were cut off and the plants 
were reinoculated. No infection took place the second time on such 
plants in distilled water or Knop's nutrient. Plants in sugar solution, 
however, were infected, although to a somewhat less extent than in 
the previous experiments. The reinfected plants were left until all 
of them died. It was found that the plants which were infected in 
Knop's and distilled water in the original experiments lived as a rule 
longer than the others. This would indicate that infection in the 
original experiments upon these plants was due to a supply of food 
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Table V 
Effect of Carbohydrate Supplied to the Seedling Upon the Development of Puccinia 

Sorghi 



Solution 

Starch 15% 

Starch 15% + Knop's 

Starch 15% + Knop's - N. . . . 

Cane sugar 15% 

Cane sugar 12% 

Cane sugar 10% + Knop's 

Cane sugar 10% + Knop's — N 

Cane sugar 6% 

Cane sugar 3% 

Cane sugar 3% + Knop's 

Maltose 3% 

Maltose 3% + Knop's 

Dextrin 3% 

Dextrin 3% + Knop's 

Dextrose 3% 

Dextrose 3% + Knop's 

Knop's nutrient 

Knop's nutrient — N 

Distilled water 



No. of Plants 
Used 



No. of Plants 
Infected 



Av. Growth per 
Plant per Day 



10 
10 
10 
12 

6 

12 
13 

6 

21 
21 

7 
7 
6 

7 

18 
18 
50 
13 
45 



9 
3 
5 
3 
3 
6 

5 

4 

13 

13 

5 
4 
3 

2 

5 
9 
3 
o 



3.4 mm. 

1.6 

5.1 
•9 

3.7 

3.3 

3-7 

6.0 

7.6 
II-3 

4.9 

9.1 
11.0 
12.6 

4.8 

9.8 

2.6 
4 

2.3 



present in the host upon which the rust as well as the host was able to 
draw. When reinoculated this was exhausted and there was no infec- 
tion of hosts in either distilled water or Knop's solution. The results 
of these experiments indicate that soluble carbohydrates are necessary 
for the development of the rust. 

Carbohydrates Supplied to Pieces of Leaf 

In the earlier part of this work contaminations occurred which 
were due to working with imperfectly sterilized leaves and especially 
with rust spores having saprophytic fungus spores mixed with them. 

It was evident that to obtain trustworthy results not only sterile 
host plants were necessary, but that pure cultures of the rust must 
also be obtained. This was done as follows : 



Pure Cultures of Puccinia Sorghi 

The only worker who has given any account of a method to grow 
rusts in pure culture appears to be Marshall Ward (1902^) working 
with Puccinia dispersa upon the bromes. His method consisted in 
obtaining sterile cultures of the bromes by sterilizing the seed by 
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" steeping in various antiseptics, or by heating to 60-70 C." The 
sterile seeds were placed in sterile drying towers, supplied with Knop's 
mineral solution and aerated with a continuous current of air or were 
placed in large sterile test tubes which contained the solution. When 
the first leaf was well developed it was inoculated with uredospores of 
Puccinia dispersa. Good infection was obtained in the inoculated 
area. 

Ward's object in developing this method was to be sure he was 
working with only one race of Puccinia dispersa and not so much to 
free the rust from saprophytic fungus spores. He does not say that 
the spores with which he inoculated his sterile plants were free from 
other fungus spores yet he assumes that he had a pure culture as far 
as fungi were concerned. He says (p. 459), however, that the method 
does not exclude harmless bacteria. In order to be sure that spores 
of saprophytic fungi were not present in the sowing of the rust spores, 
it would have been necessary to sow the spores of the resulting rust 
upon nutrient media. This is necessary, since many saprophytic 
fungus spores do not germinate except in the presence of such nutrient 
media and so would remain dormant upon the surface of the plant in 
the infected area and be removed with the spores of the resulting rust. 

Two methods have been developed for obtaining pure cultures of 
the rust. The first method is a modification of Ward's. Large test 
tubes (30 X 5 cm.) were prepared by filling the lower end with absor- 
bent paper and adding Knop's mineral solution. These were then 
stoppered with cotton plugs and autoclaved at 10 pounds pressure for 
30 minutes. Two or three seeds sterilized in .5 percent HgCl2 solution 
for 30 minutes were placed in each test tube and the tubes placed in a 
well lighted window. After the seedlings had developed one or two 
leaves, they were inoculated with uredospores of Puccinia Sorghi 
(Plate V, figure 1). 

The uredospores were obtained from well-developed pustules of 
Puccinia Sorghi and were placed in a capsule of sterile distilled water 
and thoroughly mixed up. The uredospores of Puccinia Sorghi, as 
well as most other rusts, are much lighter than water and float on the 
surface, from which they can be removed with a looped platinum wire 
and placed upon the leaves of the corn. The first trials to obtain 
infection in this way were failures because of the lack of adhesion of 
the water drops to the waxy surface of the corn leaves. In ordinary 
infection work, the leaves are gently drawn between the fingers before 
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inoculation to remove this waxy substance. Since this method would 
cause contamination in this case, other means were resorted to. It 
was noticed that drops of water often condensed upon the leaves during 
cool nights. Spores were placed in these with resulting infection. As 
carried out later, the leaves were rubbed with sterile cotton wrapped 
around sterile forceps and soaked in sterile distilled water. In the 
drops left adhering to the surface of the leaves, a loop full of uredo- 
spores was placed. In this way very good infection was obtained. In 
most cases, the spores used, after the combined dilution and washing 
to which they were subjected, were probably sterile, but in order to 
make sure that there was no contamination, spores from the resulting 
infection upon these plants were used to inoculate other sterile plants. 
These spores were taken from the other side of the leaf from that on 
which the original inoculation had been made. By this means they 
were obtained from a sterile surface which had not been touched in 
the original inoculation. The plants of this second series, when once 
infected, will be reinfected by the spores produced on them as long as 
they are in good condition, if kept at a temperature favorable for 
spore germination (Plate V, figure i). 

A second means of obtaining pure cultures of Puccinia Sorghi was 
by means of cut pieces of leaf themselves. Uredospores which had 
been removed from clean parts of infected plants were diluted in 
sterile distilled water. Drops from this spore dilution were placed on 
the surface of pieces of leaf which had been cut from sterile corn plants, 
and floated upon carbohydrate solutions. A few capsules were con- 
taminated by saprophytic fungi, but more often capsules were obtained 
which were free from these and the rust produced in such capsules 
was used to inoculate pieces of leaf in like manner. By inoculating 
fresh cultures about every two or three weeks, a pure culture of the 
rust can be kept on hand (Plate V, figure 2). 

Experiments 32-41. — These experiments were carried out with 
pure cultures of both host and rust. Cut pieces of sterile corn leaf 
were floated upon sterile solutions of 3 and 6 percent cane sugar, 3 
percent cane sugar plus Knop's, 3 percent dextrose, 3 percent 
dextrose plus Knop's, 3 percent maltose, 3 percent maltose plus 
Knop's, Knop's, and distilled water. After one to three days, 
uredospores from pure cultures of Puccinia Sorghi upon sterile plants 
were diluted in sterile distilled water and a drop of this spore suspen- 
sion was placed on each piece of leaf. The capsules were placed in a 
dark chamber at 20 C. 
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The results of these experiments are given in the following table. 

Table VI 
Effect of Carbohydrates Supplied to Cut Pieces of Leaf Upon the Development of 

Puccinia Sorghi 



Solution 


No. of Pieces of 
Leaf Used 


No. of Pieces 
Infected 


Remarks 


Cane sugar 6% 


12 
31 
36 

7 

7 

9 

10 

30 
30 


6 

13 

8 

3 
4 
5 
2 
2 
1 


pustules large 


Cane sugar 3% 

Cane sugar 3% + Knop's 

Dextrose 3 % 


Dextrose 3% + Knop's 

Maltose 3% 

Maltose 3% + Knop's 

Knop's nutrient 


<< << 
pustules few, small 


Distilled water 


3 pustules, small 











Of the pieces of leaf on Knop's nutrient solution which were in- 
fected, one piece had one very small pustule, while the other had three 
very small pustules which were light in color, very unlike the brown 
color of a vigorous rust. The infection upon carbohydrate solutions 
varied from a few large brown pustules to a mass of pustules which 
covered nearly all the area of the piece of leaf (Plate V, figure 2). 
All the pieces of leaf which were on carbohydrate solutions had the 
cells of the mesophyll and parenchyma sheaths filled with starch. 
Pieces of leaf on Knop's solution and distilled water showed no sign 
of starch. At the end of 14 days, most of the pieces of leaf were alive, 
as was shown by plasmolyzing with strong KNO3. 

These results agree with those obtained with plants in nutrient 
solution. 



Effect of Nutritive Solutions upon Spore Germination and 
Continuance of Growth 

In this work, the uredospores of Puccinia Sorghi were sown upon a 
number of different nutritive solutions. Compounds were used which 
it was thought would likely be utilized by the rust in its host. 

The method employed in the first two experiments was to remove 
uredospores from an infected plant as carefully as possible and float 
them on the surface of a sterile solution of the nutrient material to be 
used. Hanging drops of this spore suspension were then made. 

In order to avoid the work necessary for making a large number of 
van Tieghem cells, the hanging drops were made upon the lid of a 
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sterile Petri dish. Evaporation from the drops was prevented by 
either having absorbent paper moistened with the nutrient solution 
used in the bottom of the dish or by having a small amount of the 
solution alone. If absorbent paper was used, a V-shaped piece was 
cut out so that the microscope could be used to observe the develop- 
ment of the rust in the hanging drops, each of which in turn could be 
brought over the V-shaped opening by turning the cover upon the 
bottom part of the dish. 

The germination could be watched under the 16 and 8 mm. objec- 
tives with clearness and the growth and condition of the germ-tubes 
could be easily followed. Each Petri dish had ten hanging drops on 
its lid and since three Petri dishes were used for each solution thirty 
hanging drops were employed for each nutrient medium. 

Some contamination resulted in these cultures, but most of the 
hanging drops showed only a slight growth of saprophytic fungi during 
the short time that cultures were run. 

Experiment 41. — The nutrient media used in this experiment were 
conductivity water, cane sugar 1 percent, cane sugar 5 percent, maltose 
1 percent, maltose 5 percent, leucine 1 percent, asparagine saturated 
solution, asparagine 1 percent and peptone (Witte's) 1 percent. Be- 
sides these, a mineral solution, and carbohydrates plus the mineral 
solution were used. The mineral solution used was Duggar's standard 
nutrient solution (1909) for fungi minus the sugar. It consisted of the 
following, dissolved in 100 cc. of water: 

NH4NO3 1.00 gm. 

KH 2 P0 4 5 gm. 

MgS0 4 25 gm. 

FeCl 3 trace. 

The cultures were kept at 17 C. during the experiment. The 
following table gives the results of the experiment. 
Since a dense mass of hyphae was produced during the germination 
of the spores, the number of germinated spores could not be accurately 
counted and the amount of germination was estimated by the appear- 
ance. In the column under remarks the germ-tube is described whether 
it produced short side branches or was unbranched. In all these 
solutions, the rust was dead in about four days. 

Experiment 42. — Since the preceding experiment indicated that 
strong concentrations were injurious to spore germination and that 
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Table VII 
The Effect of Nutritive Solutions Upon Spore Germination and Continuance of Growth 

of Puccinia Sgrghi 



Solution 



Germination Length of Germ-tube 



Remarks 



Conductivity water 

Mineral nutrient 

Cane sugar 5% 

Cane sugar 1 % 

Cane sugar 5% + nut 

Maltose 5% 

Maltose 1 % 

Maltose 5% + nut 

Peptone 1 % 

Peptone 1 % + nut 

Duggar's nut + .5% peptone. 

Asparagine saturated 

Asparagine 1 % 

Leucine 1 % 



good 

slight 

fair 

good 

none 

fair 

good 

very slight 

fair 

none 

none 

slight 

fair 

slight 



400-500 micr. 
160 

160-800 " 

400-800 " 

about 100 " 

300-800 " 

about 100 " 

11 500 " 



" 160 

80-100 

100-400 



unbranched 



branched some 
unbranched 
branched much 



branched 



slightly 



they shortened the length of the germ-tube, an experiment was under- 
taken to study the germination and development of the rust at low 
concentrations. Two solutions, 1 percent cane sugar and 1 percent 
cane sugar plus mineral nutrient (see Experiment 41) were used as the 
basis of this series. Dilutions of 1/2, 1/8, 1/32, 1/128, 1/512, and 
1/1024 of this strength were made. Hanging drops of uredospores 
of Puccinia Sorghi were made in these solutions as in the preceding 
experiment. 

No difference was noticed in the amount of germination in these 
solutions. The length of the germ tube was the greatest (400-800 
micr.) in 1/8, 1/2 and 1 percent cane sugar. In the other solutions, 
the length varied between 160-400 micr. The rust died in all solutions 
in about three days. 

Experiment 43. — In this experiment, plant extracts were used. 
A decoction of leaves of corn was made by autoclaving pieces of corn 
plants (1 part by vol. to 5 parts of distilled water) at 10 pounds pres- 
sure for 30 minutes. An uncooked extract of the plant was made by 
cutting up sterile plants as finely as possible and adding sterile distilled 
water to them and then letting the mixture stand for 24 hours. A 
third extract was made from sterile germinated seeds which were cut 
up in sterile distilled water. Two or three seeds were used for 25 cc. 
of water. Uredospores of Puccinia Sorghi from pure cultures of the 
rust were sown in hanging drops and in capsules of the solutions. 

The germination in all cases was good. In the decoction of the 
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host, the tubes were long (about 800 micr.) and somewhat branched. 
In the other two solutions, the germ-tubes were long and abundantly 
branched. Death took place in all these solutions in about four days. 

Experiment 44. — Cane sugar 3 percent, cane sugar 3 percent plus 
Knop's nutrient, dextrose 3 percent, dextrose 3 percent plus Knop's 
nutrient, Knop's nutrient, and distilled water were used in this experi- 
ment. Pieces of corn leaf were floated on these solutions and the 
solutions were then autoclaved for 30 minutes at 10 pounds pressure. 
This culture was run at the same time as Experiment 39 and inocula- 
tion with uredospores of the rust was made in the same way. 

Infection took place upon the living leaves upon the carbohydrate 
solutions in Experiment 39 in eight days. No development of the 
rust occurred upon any of the autoclaved leaves. 

IV. DISCUSSION 

The first question of interest concerns itself with the condition of 
the tissues in and around the region invaded by the rust. In the 
development of Puccinia Sorghi, it is noticeable that, although most 
of the cells of the leaf may be invaded by the large haustoria, yet no 
harmful effect is shown by the host until after some period of time. 
The rust sends its mycelium through the intercellular spaces and then 
its haustoria into adjacent cells. The invaded cells retain the char- 
acteristics of cells of uninfected tissues. The first sign of effect upon 
the host is seen in the gradual disappearance of starch from the paren- 
chyma sheaths in the invaded region. Since the parenchyma sheaths 
serve as a storehouse for the assimilated material from the adjacent 
region, and since they are not invaded for some time, it would appear 
that this loss of starch is due, not to a withdrawal of starch from the 
parenchyma sheath by the fungus itself, but to the utilization by the 
fungus of the material formed in the neighboring region before it 
reaches the parenchyma sheaths. That, even at this stage, the rust 
is not attacking the host vigorously is shown by the development of 
more or less starch in the parenchyma sheaths of the invaded region 
depending upon the conditions of photosynthesis at the time of obser- 
vation. That the rust is having some effect is shown however by the 
paler color when the parenchyma sheaths of the infected areas are 
stained with iodine. 

This condition prevails up to the time of spore formation. At this 
time, the rust begins to draw more heavily upon the host in order to 
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obtain the necessary materials for spore formation. This is evident 
in the smaller amount of starch present in the parenchyma sheaths 
in the immediate region of the pustules. Oftentimes the parenchyma 
sheaths are here entirely devoid of starch, while in the neighboring 
region starch is present to a considerable extent. Yet even at this 
time, the cells of the host do not show an injury such as one would 
expect if the protoplasm itself was attached vigorously by the fungus. 

It is only after the number of pustules have increased and spore 
formation has continued for some time that the host begins to show 
the effect of the rust's presence. The effect of the rust, even now, is 
not apparent in the tissues containing the rust, but in the neighboring 
tissues as is shown by the green color of the infected areas and the 
lighter green or yellow of the surrounding tissue. The green tissue 
of the infected areas even at this time, may contain small amounts of 
starch, but the neighboring dying regions have no indications of 
starch. It would thus appear that the rust instead of attacking and 
killing the cells of the tissue in which it is situated has a very different 
effect upon them. While it is withdrawing food, at the same time it 
stimulates the infected tissue so that this loss of food is in turn com - 
pensated by the withdrawal of food from neighboring uninfected tissue. 
It would appear that the rust thus destroys the symbiotic balance 
between the cells of the host and causes some of them to have parasitic 
relations with the rest. Marshall Ward (19026) and Tubeuf (1897) 
observed this effect and considered it as evidence of a symbiotic rela- 
tion between the rusts and their hosts. 

As this withdrawal of food goes on the yellowing of the leaf extends 
farther and farther from the green infected area, the cells of the region 
gradually die and shrivel up, and the tissue takes on a brown appear- 
ance similar to that of cells which have died due to a decomposition 
of their contents. The infected areas, however, still remain alive for 
some time, but in these areas death results from two causes. The 
first of these is the cutting off of the food supply due to the death of 
the surrounding tissue. This, however, is not probably the principal 
cause as the green cells of the infected areas could furnish food to 
prolong their life and that of the rust until by a process of gradual 
starvation both would die. The principal cause which appears to 
bring about the death of these areas is the drying up of the leaf as a 
whole. As Sachs has pointed out the loss of water from dead tissue 
is much greater than from living. The great evaporation from the 
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surrounding dead tissue naturally withdraws water from the green 
infected areas, which have their water supply from the root diminished, 
and brings about death through drying out. 

If conditions at this time are unfavorable for spore germination, 
such as a low humidity or a too low or too high temperature, the corn 
plant will be freed from the rust, since the spores formed upon the 
old leaves will not be able to infect the young newly formed leaves. 
With the death of the old leaves the host becomes free from the rust. 
In the same way, oats may become free from their rust. 

The work upon the effect of temperature upon the development of 
the rust also throws some light upon the relation between the rusts 
and their host. From Experiments I and 2 and especially 3 and 4, 
it is evident that in a saturated atmosphere the development of both 
Puccinia coronata and Puccinia Sorghi is retarded by low temperatures. 

It is difficult to say just how much these results are due to the 
direct effect of the temperatures upon the rust, since the rust must be 
studied in connection with its host. A search of the literature shows 
that but little work has been done upon the effect of temperature upon 
the growth of parasitic fungi in their hosts. Sheldon (1902) found that 
during the winter months the incubation period of Puccinia Asparagi 
was longer than during the summer months when the temperature 
was higher. Fromme (191 3) found a shorter incubation period for 
Puccinia coronata at temperatures between 20 and 30 C. than at 
lower. Ward (1902&) explains the non-infection in some of his experi- 
ments by the high temperature, although the host seemed to be un- 
harmed. 

The effect of temperature upon the development of saprophytic 
fungi has received considerable attention. In such experiments, 
however, the nutrient media remained unchanged. In experiments 
with the rusts, other conditions besides the temperature alter, since 
the physiological conditions in the host are altered. It is consequently 
hard to determine how much of the effect produced on the rust is due 
directly to the temperature. Lehenbauer (1914) has shown that for 
corn the optimum temperature for the growth was situated between 
29 and 32 C. Sachs (1882) gives 27. 2° C. as the optimum tempera- 
ture for the growth of the root. Besides the effect upon the growth, 
two of the physiological processes of the host are especially affected. 
These are respiration and photosynthesis. The respiration of plants 
increases with the increase in temperature until the injurious effect of 
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the high temperature brings about a disorganization of the vital func- 
tions of the plant. Photosynthesis according to Pfeffer (1900) in- 
creases with the temperature up to an optimum, which is approximate 
to that of growth and then it falls. Matthaei (1905), on the other 
hand, gives a curve for photosynthesis which resembles that of respira- 
tion. This curve, however, is a curve of maximal pnotosyn thesis for 
each temperature. At high temperatures, the maximal photosyn- 
thesis is maintained only for a short time. The higher the temperature 
the sooner the decline sets in and the steeper its slope. The full 
development of photosynthesis also needs the best conditions of illumi- 
nation while respiration is not much affected. Consequently in 
Experiment 4, the food supply available for the fungus at 30 C. is 
much reduced from that which would be available for it at 20 C, 
since photosynthesis has fallen off and respiration has increased. At 
the lower temperatures, although the respiration is lowered, photo- 
synthesis is also reduced and to a much greater degree so that the food 
available for the fungus is less than at the optimum temperature for 
photosynthesis. 

Although the growth of the fungus is thus influenced to some extent 
by the effect of temperature upon the amount of food supply available 
in the host, it is probably the direct effect of the temperature upon the 
rust itself which is the most important factor in determining the de- 
velopment of the rusts in Experiments 1-4; especially since the tem- 
peratures obtained for growth also correspond very well to those for 
spore germination. The actual temperature of the fungi in these ex- 
periments, however, was undoubtedly higher than that recorded, since 
Matthaei (1905), Ehlers (1915), and others have shown that the in- 
ternal temperature of leaves is one to ten degrees higher than the sur- 
rounding atmosphere, depending upon the amount of illumination, the 
presence or absence of air currents, and the amount of transpiration. 

The evidence concerning the effect of moisture upon the develop- 
ment of the rusts is rather conflicting. Blaringhem (1912, 191 3) and 
Stone and Smith (1899) claim that the rusts are favored by a dry soil. 
Buchet (19 1 3) believes that a wet soil is favorable. Sirrine (1900) 
considers that dew is the controlling factor. Smith (1904) finds that 
a dry atmosphere is unfavorable to Puccinia Asparagi, while a dry 
soil is favorable. From the results of Experiment 5, it is evident that 
for Puccinia Sorghi wet soil and moist atmosphere bring about an 
increase in vigor, as shown by the greater number of pustules and the 
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consequently more abundant spores. A humid atmosphere also 
lessens the transpiration from the dying portions of the leaf and the 
evaporation from the dead areas so that the infected leaves in a moist 
atmosphere have a much longer life. In drier air, the infected leaves 
dry up and the plants become rust free. 

The effect of mineral starvation upon the host has been investi- 
gated principally by Marshall Ward (1902c). Sheldon (1905) and 
McAlpine (1906) have made some observation upon the effect of soils 
and manures upon the development of some of the rusts. 

Results similar to Marshall Ward's were obtained in Experiments 
6 and 7. Infection was obtained upon some plants in all of the mineral 
nutrients. Table I shows that the best infection was obtained upon 
plants which were furnished with a full mineral nutrient. A deficiency 
of an element, however, does not bring about immunity for the host, 
but it causes a smaller number of plants to be infected and a lessening 
of the amount of rust as shown by the number of pustules. 

That this effect is produced upon the rust is due partly to a lack 
of these elements for the host and a consequent slow mineral starvation 
of the rust. This, however, only explains a portion of the effect pro- 
duced, since the rust can probably obtain these elements in small 
quantities from the host as long as the host is alive. A portion of the 
effect produced is at least to be referred to the effect upon the physi- 
ology of the host and its greatly reduced ability to manufacture the 
proper food materials for the rust. That this is true is shown in 
Table V. In this table it is seen that in solutions in which the host 
was supplied with a mineral nutrient solution, but was not supplied 
with carbohydrates and was kept in the dark to prevent their manu- 
facture, the number of plants infected were few. That even this 
number was infected was due to the fact that the host was not ex- 
hausted of soluble carbohydrates, such as the sugars, before infection. 
The infection of plants supplied with carbohydrates in all cases far 
outnumber that of the plants without carbohydrates. 

The need of carbohydrates is also shown in Experiments 8-21 
conducted upon the effect of light upon the development of the rusts. 
Of the two rusts Puccinia coronata upon oats shows the. closest relation 
in this regard. Thus, in Table II, it is shown that the retardation in 
infection approximates closely the period that the host was left in 
darkness and consequently the period during which carbohydrates 
were not being formed. In all cases where the host was kept contin- 
uously in darkness after inoculation there was no infection. 
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That these results are due to the prevention of photosynthesis and 
not either to non-inoculation due to the negative heliotropic germ-tube 
of Puccinia coronata or to the effect of the lack of light upon the develop- 
ment of the mycelium of the rust is shown in Experiment 11. Since 
it has been shown that the germ-tubes of the uredospores of Puccinia 
coronata are negatively heliotropic, the explanation of the retardation 
of the incubation period might be an inability of the germ-tube to enter 
the stoma while in the dark. This is not the case, as shown by the 
fact that when plants (C 17.19-C 17.27, Table III) after having been 
inoculated in the light were placed in the dark for a short period, the 
incubation period of the rust on them was also lengthened. The 
demonstration of the presence of mycelium in the leaves of plants 
inoculated and kept in the dark finally establishes this. 

In Experiment 11 there is one case (C 17.35) where the retardation 
of the incubation period was greater than the time during which the 
host was in the dark. In this case, the oats were in the dark for eleven 
days and were consequently so starved and their physiological proc- 
esses so disarranged that when returned to the light, they carried on 
their physiological processes poorly and so were able to furnish the 
rust with only a small amount of food. 

The relation of Puccinia Sorghi to the carbohydrates formed in the 
light is not at first glance so striking as in the case of Puccinia coronata. 
Heckel (1912) and Blackshaw (1912) have however shown that corn 
plants contain from 6 to 9 percent of sugars. Besides this, corn forms 
starch in the parenchyma sheaths so that under ordinary conditions 
it contains quite a considerable reserve of carbohydrates. Oats, on 
the other hand, contain no such reserve and consequently the rust 
quickly shows the effect when the daily supply is cut off. When means 
were adopted to decrease the sugar content of corn the results compare 
more nearly with those obtained with Puccinia coronata on oats. It is 
very evident from Experiments 12-20 that the rust itself does not have 
any direct relation to light, for infection took place and the rust devel- 
oped to spore formation in the dark. The same is also shown much 
better in experiments where carbohydrates were supplied to the host 
in the dark. 

The relation of the rust to the carbohydrate supply is further seen 
when the host is deprived of its carbon dioxide supply (Experiments 
22 and 23). For when the host is prevented from manufacturing 
carbohydrates by surrounding it with a carbon-dioxide-free atmos- 
phere, there is no development of the rust. 
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A comparison of the infection of corn when supplied with car- 
bohydrates alone and when supplied with carbohydrates plus Knop's 
nutrient shows varying results. In spite of the varying results, the 
experiments clearly show that in all cases there is a much greater 
infection when carbohydrates are supplied than when there are no 
carbohydrates present. It is probable that with the slow growth of the 
host the carbohydrates taken up by the host united with the nitrogen 
compounds formed in the metabolism of the host and formed proteins 
for the use of both host and fungus and so the rust did not feel the loss 
of the mineral elements to a very great extent. 

It appears from experiments in which the host was deprived of its 
soluble carbohydrates that the rust was not able to live upon the host 
even though the host was alive and consequently did not use the pro- 
toplasm of the host, at least directly, as food. Marshall Ward (1904), 
especially, among the workers upon the rusts has noticed that the 
protoplasm of the host does not appear to be affected by the rust. In 
his Croonian lecture (1890), he points out that the relations of the 
rusts to their hosts are very different from those of a facultative para- 
site such as Botrytis. The rusts he considers as merely tapping the 
food supply of the host, establishing a relation which approaches 
symbiosis. 

The results obtained agree with Ward's view. The development 
of the rust upon seedlings or cut leaves of the host furnished with 
carbohydrates, and the non-development except in a few cases, upon 
hosts furnished only with distilled water or mineral nutrient indicate 
that the rust is dependent upon the food supply of the host and does 
not live upon its protoplasm. The healthy development of host tissue 
in the infected regions compared with the surrounding dying tissue also 
shows that not only does the rust not live upon the protoplasm of its 
host but it even stimulates it to greater activity. 

It is possible that the lack of carbohydrates might produce prod- 
ucts in the host which are toxic to the rust. Thus amino acids and 
other products of metabolism might form which in the presence of 
carbohydrates would unite with them to form proteins again. These 
products might then inhibit the development of the rust. Experi- 
ments 38-40 indicate, however, that such is not the case. In these 
experiments where cut pieces of leaf were floated upon water and 
mineral nutrient such products would have had plenty of chance to 
diffuse out of the leaf. Yet on those solutions deprived of carbohy- 
drates, there was no infection. 
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Thus the food material for which the rust depends upon the host 
appears to be the sugars or some of the compounds which they enter 
into during the formation of proteins, or what is more likely both. 
Such being the case it should be feasible to grow the rusts saprophyt- 
ically. So far as I know only two attempts have been made to do 
this. These have been made by Carleton (1903) who obtained negative 
results and Ray (1901, 1903) who reports having grown several in 
culture. As has been pointed out above Ray's results are open to 
criticism due to the incomplete account of his methods and material. 

In the case of Puccinia Sorghi, I have not been able to find that 
various nutrient media had any appreciable effect towards developing 
a mycelium. Various carbohydrates and organic nitrogenous prod- 
ucts with and without mineral salts and at different concentrations 
showed an effect only upon spore geimination and the length of the 
germ tube (Experiments 41-43). Sterilized pieces of leaf upon solu- 
tions such as were used successfully with living pieces of leaf, sterile 
decoctions of the host and water extracts of the host gave no better 
results. In all cases, the germ-tube produced by the spore lived only 
a few days. 

Since Puccinia Sorghi does not appear to be able to use the sugars 
directly, but must have them supplied to the host for their develop- 
ment, it appears that it is not the stable carbohydrates or proteins 
which are to be considered as essential for the metabolism of the rusts. 
Rather, it is probable that the rust is dependent upon some transitory 
products in the formation of these substances, as Fromme (191 3) has 
suggested, or it may be that the rust is able to utilize such compounds 
only in their nascent state, so to speak, when these complex organic 
compounds are not in a condition of equilibrium. Even among the 
saprophytic fungi , we have many which prefer certain stereoisomers 
and it would not be at all surprising to have in the rusts a group of 
fungi which needs certain isomers for their development. It is in 
some such explanation very likely that the obligate parasitism of the 

rusts is to be sought. 

V. SUMMARY 

1. The optimum temperature for the development of Puccinia 
coronata and Puccinia Sorghi is situated at about 20 C. and the maxi- 
mum for Puccinia Sorghi is about 30 C. 

2. While Puccinia Sorghi is not prevented from developing upon 
the host under conditions of dry air and soil, moist soil and a humid 
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atmosphere favor the development of the rust and increase the number 
of spores formed. 

3. Puccinia coronata and Puccinia Sorghi do not appear to injure 
the cells of the infected area. The injury produced appears first in 
the areas surrounding the infected regions. This is probably due to a 
starvation brought about by a withdrawal of food from them by the 
infected areas. 

4. A starvation of the host of various elements does not bring about 
immunity from the rust, but reduces the quantity of the rust produced. 

5. Light is not necessary for the development of Puccinia coronata 
and Puccinia Sorghi when the host is able to obtain a good food supply. 

6. When deprived of carbohydrates, light is necessary for the 
development of Puccinia coronata and Puccinia Sorghi in that it is 
necessary for the formation of carbohydrates by the host. 

7. When deprived of carbon dioxide, the development of Puccinia 
Sorghi is stopped due to a lack of carbohydrates in the host. 

8. Pure cultures of Puccinia Sorghi can be maintained upon both 
sterile seedlings and upon pieces of Zea Mays leaf floated upon car- 
bohydrate solutions. 

9. Puccinia Sorghi develops and forms spores upon seedlings or 
cut pieces of corn leaf when these are supplied with starch, cane sugar, 
dextrose, maltose, and dextrin in the dark. 

10. When either seedlings or pieces of corn leaf are exhausted of 
carbohydrates and supplied only with mineral nutrient or water, 
Puccinia Sorghi is not able to develop in the dark. 

11. Puccinia Sorghi is not able to use maltose, dextrose, cane sugar, 
asparagine, leucine, peptone with and without mineral salts, or decoc- 
tions of the host when supplied to it directly. 

12. The obligate parasitism of the rusts is probably explained by 
their requirement of some transitory or nascent organic products 
related to the carbohydrates which they obtain in the living host. 
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EXPLANATION OF PLATES IV AND V 

Plate IV 

Fig. 1. Development of Puccinia Sorghi in carbon dioxide free atmosphere. 
a. Plant in carbon dioxide free atmosphere (uninfected), b. The check (infected). 

Fig. 2. Development of Puccinia Sorghi upon plants supplied with carbo- 
hydrates, a. Cane sugar 12 percent (infected), b. Cane sugar 6 percent (in- 
fected), c. Cane sugar 3 percent (infected), d. Cane sugar 3 percent plus 
Knop's mineral nutrient (uninfected), e. Knop's mineral nutrient (uninfected). 
/. Distilled water (uninfected). 

Plate V 

Fig. 1. Pure culture of Puccinia Sorghi and its host. 

Fig. 2. Pure culture of Puccinia Sorghi upon cut pieces of corn leaf floated 
upon carbohydrate solution (looking down upon the capsules containing the leaves). 
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